tion, allowing individual electronic spins to be detected, imaged and manipulated coherently with nanoscale resolution. The technique involves selective flipping of the orientation of individual spins, associated with Nitrogen-Vacancy (NV) centers in room temperature diamond, using a focused beam of light with intensity vanishing at a controllable location, which enables simultaneous single-spin imaging and magnetometry at the nanoscale with considerably less power than conventional techniques. Furthermore, by inhibiting spin transitions away from the laser intensity null, selective coherent rotation of individual spins is realized.
This technique can be extended to sub-nanometer dimensions, thus enabling applications in diverse areas ranging from quantum information science to bioimaging.
Optical techniques constitute powerful tools for spin detection and manipulation that enable applications ranging from atomic clocks 1, 2 and magnetometers 3 , to quantum information processors [4] [5] [6] [7] and novel sensors and imaging modalities for biological and life sciences [8] [9] [10] [11] [12] [13] . Several promising methods for fluorescence imaging have recently been developed to surpass the diffraction limit and are already being applied to important problems in biology and neuroscience [14] [15] [16] as well as sub-wavelength optical lithography [17] [18] [19] . For example, sub-diffraction imaging of fluorophores can be obtained by stimulated emission depletion (STED) microscopy and related methods based on reversible saturable optical linear fluorescence transitions (RESOLFT) [20] [21] [22] [23] . Using optical fields with intensity zeros and steep spatial gradients, such as those provided by doughnutshaped beams, one can transiently switch the fluorophores to a different state everywhere except for a small region near the vanishing optical intensity. In this case the emitters from that small region can be separated from neighbours closer than the diffraction limit. Since the emitters are switched to the designated (on or off) state provided the optical stimulation rate exceeds that of the spontaneous decay rate of that state, the ultimate resolution is, in principle, limited only by the applicable optical power 23 .
The concept of sub-diffraction spin detection and control
Our new approach to sub-diffraction spin detection and manipulation is outlined in Figure 1 .
We consider an electronic spin system, such as the NV center in diamond, which can be polarized via optical pumping, coherently manipulated with resonant microwave radiation, and read-out with spin-state-dependent fluorescence. Improved spatial resolution is achieved by illuminating the sample with a doughnut-shaped optical beam just prior to optical spin readout. Spins positioned directly in the center of the doughnut beam are not affected by it. However, spins that are even a few tens of nanometers away from the zero intensity position are re-polarized by the doughnut beam and thus contribute differently to the fluorescence signal, providing nanoscale imaging contrast.
Moreover, selective coherent manipulation of a spin in the doughnut center can be achieved by simultaneous exposure to resonant microwave radiation and the optical doughnut beam ( Figure   1c ). The essence of this process is that all coherent spin transitions away from the doughnut center are inhibited by the laser field, thereby allowing coherent rotation of an individual spin at the doughnut center.
Before proceeding we note that STED and related RESOLFT techniques have been demonstrated to be effective in systems containing metastable states 20 , but in all cases electronic excitations were critically employed to resolve at sub-diffraction distances. A specific advantage of our present approach, which we refer to as spin-RESOLFT, stems from the exceptionally long lifetimes associated with spin sublevels of electronic ground states in certain systems, which can reach seconds and exceed the lifetimes of electronic transitions by more than six orders of magnitude. Optical transitions involving such ground-state spin levels can be differentially saturated by scattering just a few photons. Therefore, spin-RESOLFT allows individual electronic spins associated with NV centers to be imaged on the nanoscale, with several orders of magnitude lower laser power than most other super-resolution imaging techniques. This offers significant advantages in many applications, especially to biological systems. Alternatively, for a given power of the doughnut laser beam, spin-RESOLFT allows a dramatic improvement in resolution relative to STED and other RESOLFT approaches, potentially extending to sub-nanometer scales. We also note that another method for resolving closely spaced spins employs large magnetic field gradients 12 , as in conventional magnetic resonance imaging. This method, however, requires detailed knowledge of the magnetic gradient topography and is only possible for spins that can be resolved spectrally in ESR or NMR measurements. In what follows we show that the present technique allows one to use far-field optical detection to resolve individual spins spaced by sub-diffraction distances, sense their local magnetic environment, and perform coherent spin manipulation, even when ESR or NMR measurements are not capable of resolving individual spins spectrally.
Nanoscale optical imaging using spin state
Our experimental demonstration makes use of individual NV centers in diamond. An electronic spin associated with the NV triplet ground state can be optically polarized, coherently ma-nipulated using conventional electron spin resonance (ESR) techniques 24, 25 , and read-out through spin-state-dependent fluorescence 26 (see Figure 1b ). NV centers in ultra pure diamond display exceptional electron spin lifetimes (T 1 ), approaching seconds at room temperature 5, 13 . To realize sub-diffraction optical imaging and magnetometry using NV spins, we first polarize all NV centers in the field of view into the ground spin state m s = 0 using a focused Gaussian beam; then drive ESR spin transitions to the m s = +1 or −1 state, or to a coherent superposition of these states; and subsequently use an optical doughnut beam to selectively re-polarize the spins of nearby NV centers. NV centers located in regions of high intensity are optically pumped to the |0 ground state, whereas an NV center located at the central intensity zero remains unaffected and maintains its original state. Thus, spatial information associated with this central NV is encoded into its electronic spin state. It is subsequently determined by conventional optical readout of the NV fluorescence, since the NV centers that are not repolarized are darker than those that are repolarized. Scanning the sample with respect to the beams and repeating the above procedure allows sub-diffraction imaging of the NV centers in the field of view, as well as sensitive nanoscale magnetometry at the location of each NV center due to the Larmor precession of a coherent superposition of NV spin states (detectable via spin-state-dependent fluorescence) 9, 10 . Figure 2 shows example sub-diffraction optical images of an NV electronic spin in diamond, acquired using the spin-RESOLFT technique. A ten-fold improvement of 1D resolution was obtained for a fixed power of approximately 2 mW, focused to a diffraction limited spot of 0.07 µm 2 , by increasing the duration of the doughnut beam pulse. A similar resolution improvement was achieved for much lower doughnut power of about 0.1 mW, provided the decrease in power is compensated by an increase in doughnut duration. These observations are in excellent agreement with predictions from a simple model of the imaging resolution ∆r provided by our sub-diffraction spin detection technique (see Methods and SI):
Here λ is the wavelength of the optical field, NA is the numerical aperture of the objective, Γ characterizes the maximum rate of optical excitation out of spin state |1 , and t D is the duration of the doughnut beam. Note that the spin imaging resolution is determined by the product of the power and duration of the doughnut beam: hence sub-diffraction-limited resolution can be achieved with a laser power that is well below optical saturation of the excited state ( 3 E), provided that t D is sufficiently long. Since the maximum length of t D is limited by spin state relaxation (T 1 > 100 ms) for spin-RESOLFT and by the electronic excited state lifetime (∼10 ns) for STED, we are able to realize sub-diffraction spin imaging using sub-mW doughnut beam power with comparable resolution to that of STED using about one Watt of doughnut power 23 .
Sub-wavelength optical magnetometry
To demonstrate simultaneous nanoscale spin imaging and magnetometry, we applied the spin-RESOLFT technique to NV centers in bulk diamond separated by less than the diffraction limit. Figure 3a 
Coherent spin control
The spin-RESOLFT technique also enables selective coherent manipulation of individual NV spins separated from other nearby NV centers by less than the diffraction limit. Applying a strong optical doughnut field simultaneously with a resonant microwave field ( Figure 4a ) can suppress coherent spin transitions away from the laser intensity null.
We first demonstrated this effect for an individual, isolated NV center, initially polarized into its m s = 0 state. To distinguish the optical suppression of microwave-driven spin transitions from the conventional optical process used above for re-polarization, we exploited the fact that the optical pumping from m s = ±1 into m s = 0 occurs via transition through a metastable singlet state on a timescale of about τ s = 300 ns. Therefore, we applied a microwave π pulse driving the |0 → |1 transition together with a simultaneous pulse of the green laser beam; after which we immediately (within τ d ≤ 50 ns τ s ) optically measured the populations in the m s = 0, ±1
and metastable singlet states (see SI). As shown in Figure 4a , as we increased the laser power, the population in each state (triangles) approached the values measured when no microwave pulse
was applied (open circles). This demonstrates that at high laser power no population transfer occurs between the |0 and |1 states. Since our experiment measured the populations before the metastable singlet could decay into the ground state m s = 0, the data of Figure 4a directly confirms that the observed inhibition of population transfer was not due to repumping out of the |m s | = 1
states.
The observed population dynamics can be due to three effects, all of which result in a suppression of coherent spin manipulation by the applied microwave field. First, if an NV center is optically promoted to the electronic excited state, then the microwave transition between spin states with m s = 0 and m s = 1 is suppressed due to the different zero field splitting in the electronic ground and excited states. Second, if an NV center is transferred nonradiatively to the metastable 1 A 1 state, then coherent spin rotations are prevented since the 1 A 1 state is a spin singlet. Finally, optical excitation inhibits the build up of spin coherence between the |0 and |1 states even in the absence of population transfer to the excited state, a phenomena known as the quantum Zeno effect 28 . To estimate how substantially each of these three processes contributes to the observed suppression of coherent spin transitions, we calculated the populations in the electronic excited state and in the 1 A 1 state using the transition rates determined in Figure 4a . As shown in Figure   S4 in SI for our experimental parameters (R/γ ≈ 1), the estimated population in the ground state is of the same order as the sum of populations in the excited state and the singlet. Thus population transfer and the quantum Zeno effect contribute approximately equally to the observed suppression of coherent spin manipulation.
We next employed spin-RESOLFT for selective coherent manipulation of one of two closely spaced NV spins (Center 1 in Figure 3b ), while the other NV spin (Center 2) was kept in its m s = 0 state via optically-induced suppression of coherent spin transitions, as discussed above.
A pulsed strong doughnut beam was applied simultaneously with a microwave pulse of variable Rabi spin-flip angle, followed by optical measurement of the state of the NV spin at the doughnut center. In a separate calibration experiment, the states of both NV spins were measured together (no optical doughnut applied) as a function of microwave pulse length (Rabi spin-flip angle). The spin-RESOLFT and calibration measurements enabled us to determine the states of the two proximally spaced NV spins individually. Specifically, two experiments were performed. In one, the spin states of both NV centers were measured (sequence S3); in the second, the spin state of Center 1 was determined using spin-RESOLFT (sequence S4); see SI for details. As shown in Figure  4b , spin transitions are inhibited for the NV center outside the central null of the doughnut beam;
whereas the central NV spin undergoes coherent evolution, i.e., Rabi oscillations, in excellent agreement with a theoretical model (blue and green curves in Figure 4b ), as described in Methods and SI.
Outlook
As shown in these demonstration experiments, the far-field optical resolution for spin imaging and coherent manipulation is no longer limited by diffraction. We expect the resolution and speed of the spin-RESOLFT technique to be significantly improved by technical upgrades such as increasing the contrast between the intensity of the doughnut crest and that of the central minimum, i.e., perfecting the doughnut zero 23 systems. Finally, we expect that our approach can be applicable to a wide variety of spin systems, from trapped atoms and ions to quantum dots, which may enable a diverse range of interesting applications in quantum science and engineering.
METHODS

Samples
All described experiments were performed at room temperature on an ultrapure single crystal bulk diamond grown by chemical vapour deposition (CVD). Nitrogen vacancy (NV) centers were created by irradiating the CVD diamond with 10 9 cm −2 of nitrogen ions with energy of 6 keV, corresponding to an estimated average implantation depth of 10 nm, as determined by simulations.
The sample was then annealed at 800 the resolution is limited by small imperfection of the doughnut-zero intensity. As shown in the SI, using a model that includes a back pumping processes that brings the electronic spin from the m s = 0 to the m s = 1 state and finite spin lifetime, we find that the improvement in resolution relative to the diffraction limit of a confocal microscope is given by
is the total rate out of the electronic spin state m s = 0. This estimate is in good agreement with experimental observations.
Measurements of local magnetic field environment
The observed modulations of the Rabi oscillations shown in Figure 3c reveal the different magnetic field experienced by each NV center. These modulations are caused by hyperfine-induced splitting in the NV electronic spin transition (m s = 0 → 1) associated with the 15 N nuclear spin (I = 1 2 ). Such modulations appear when the microwave frequency is detuned from the central
where B i is the magnetic field along the NV axis of center i , ∆ is the zero-field splitting, and γ e is the gyromagnetic ratio of the electronic spin. The modulation frequency for NV center i is thus given by (see SI) (ν i 0 − ν)A/Ω , where ν is the microwave frequency, A = 3.05 MHz is the hyperfine interaction between the electronic and nuclear spin
and Ω is the Rabi frequency. The difference in the beating frequencies of each center reveals a difference in effective static magnetic field experienced by each center of about 1 G.
In our spin echo measurements (Figure 3d Figure 3d , 74 kHz, is given by the bare Larmor frequency of 13 C corresponding to a magnetic field of 69 G (SI). Note that Center 1 shows no revival which is likely due to a proximal 13 C nuclear spins that quickly decoheres the electronic spin of this center [23] .
Coherent single spin manipulation
We performed selective coherent spin manipulation on two NV centers with a spatial separation of approximately 150 nm. To verify that Center 1 can undergo coherent Rabi oscillations while Center 2 is kept in the m s = 0 state, two experiments using pulse sequences S3 and S4 in Figure 4 were performed. If Center 2 remains in the m s = 0 state, a constant signal is expected for the difference of the measurements made with these sequences.
In this subtraction procedure we accounted for contrast reduction in the spin-RESOLFT read- is the decay rate of the optically excited state. In addition to the dephasing described above, this takes into account the fact that application of the green doughnut beam "hides" some population in the excited state. For values of κ ∼ γ and Ω = (2π)2.3 MHz, this error would be p e ≈ 0. 1 1, indicating that the state of the nuclear spin associated with Center 2 can be well preserved while we manipulate Center 1.
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